Introduction
In a preceding paper, it was shown that, in addition to copper in ceruloplasmin and that bound to albumin, there is a third small fraction of copper in human serum that is bound to amino acids. It was suggested that this latter fraction may be involved in the transport of copper between the blood and the tissues (1) . The experiments to be described in this paper were designed to test the validity of the latter hypothesis by the use of an in vitro system. The model of surviving liver slices was used for this purpose since it is known that in the intact human, rat, and other animals, a large percentage of copper that enters the bloodstream is taken up by the liver (2, 3).
Methods
We used the precautions specified in the preceding paper to avoid contamination with copper (1).
The basic incubation medium was Krebs-Ringer bicarbonate (KRB) buffer (4) , which was pregassed with a mixture of 95% oxygen and 5% carbon dioxide (unless otherwise specified). To keep copper in solution, in most instances we added 1/10 vol/vol of dialyzed plasma or serum to the KRB buffer. We obtained this serum or plasma from rats and dialyzed it for 48 hours at 40 C against several changes of large volumes of KRB buffer to remove small molecules, including amino acids. We took extreme care to avoid contamination with copper during this procedure. The pH of the dialyzed serum or plasma was adjusted to 7.4 with 0.1 N sodium hydroxide and 0.1 N hydrochloric acid before its addition to the KRB buffer.
In some experiments, human serum albumin was added instead of the dialyzed rat serum or plasma. The albumin preparation was lyophilized Cohn Fraction V.' The albumin-containing media were prepared by dissolving the appropriate quantity of albumin in KRB buffer. A final step of purification was extensive dialysis of these solutions as specified for serum above. The pH of each 1 This was prepared by the Connaught Medical Research Laboratories in Toronto from outdated human plasma collected by the Canadian Red Cross Society from volunteer donors. The preparation was kindly donated to us through the courtesy of Dr. A. M. Fisher. A single batch of this preparation was used for all experiments; its copper content was determined by the method of Eden and Green (5) . * Some L-amino acids were added to the media in the same concentrations as they occur in plasma of normal rats (6) . The remainder were added at their respective concentrations in normal human plasma (7). solution was adjusted to 7.4 before its use but after the addition of amino acids, if applicable.
L-Stereoisomers of twenty amino acids were added to the incubation medium, when indicated, in quantities necessary to achieve final concentrations in the physiological range (6, 7) as shown in Table I .
Copper was added in the form of cupric chloride or acetate, dissolved in a small volume of water. A solution of Cl2-'Cu of very high specific activity (10 to 20 mc per < 1.0 ug of copper) served as the label (8) . Unless stated otherwise, copper was added in a 1.6 X 1OV M concentration, equivalent to 10 Asg per 100 ml, which is within the range of physiological concentrations of nonceruloplasmin-bound copper in human serum (9) . Most of the copper contained in the dialyzed rat serum that was added to the medium was in ceruloplasmin and, therefore, unexchangeable. The albumin-bound copper in rat serum is only 1 4ag per 100 ml (10) and, therefore, negligible at the dilution used. Further additions to the media were made as specified in the descriptions of the particular experiments.
Slices were prepared from the livers of male rats of the Wistar strain, 300 to 400 g in weight. Their diet had been Master's laboratory cubes 2 before they were fasted for approximately 24 hours prior to the experiment. The animals were killed by quick exsanguination while they were under light ether anesthesia. The liver was removed from each animal and dropped immediately into cold oxygenated KRB buffer. Cubes were cut from the two larger lobes of each liver, and these were kept in ice-2 Maple Leaf Mills, Toronto, Ontario, Canada. cold KRB buffer that was continuously gassed with 95% oxygen and 5% carbon dioxide until used (11) .
Slices were prepared from the cubes as quickly as possible with a Stadie-Riggs microtome and blade (12) . A single slice (weighing between 50 and 120 mg) was then dropped into 3.0 ml of medium contained in a 20-ml beaker. The beakers containing the media were kept on ice. As soon as one cube had been sliced, the beakers with the slices were placed in a Dubnoff metabolic incubator.
Incubation was carried out at 37 to 38°C under an atmosphere of 95% oxygen and 5% carbon dioxide unless otherwise specified. We used commercially available gas mixture that was bubbled through water before being passed through the incubator at a rate of 8 to 9 L per minute. The samples were shaken constantly at the rate of 90 oscillations per minute. After incubation, the slice was removed from its medium with a fine pair of forceps, quickly dipped twice in KRB buffer, blotted, weighed, and placed in the bottom of a counting tube.
The gamma emission of "4Cu contained by the slice was assayed by a well-type scintillation counter. Samples of each medium in which slices had not been incubated were also counted. Counts were corrected for background and for decay based on 12.8 hours half-life of "4Cu. A further correction was made by subtracting the average activity taken up by slices that had only been quickly dipped in the media, but had not been incubated, from the activity contained in each incubated slice. This latter correction never exceeded 2% of the total activity and was usually less.
Each result was expressed as the ratio between the activity in a unit weight of the slice and the initial activity in a unit weight of the medium. A correction for the slight difference between the specific gravity of the medium and of the slice was not made. In some instances, we calculated the uptake of copper by the slices, having made the assumption that the uptake of "4Cu paralleled that of copper. The arithmetic mean, the standard deviation, and the standard error of the mean were calculated for each group of experiments. We used Student's t test (13, 14) to assess the significance of the differences between the means.
Results
In the first series of experiments, liver slices were incubated in media that contained 1.6 x 10-6 M concentration of copper with and without physiological concentrations of 20 L-amino acids (Table I ). All media contained 110 vol of dialyzed rat serum.
The results are shown in Figure 1 . It is apparent that the uptake of 64Cu by the slices incu- bated in media to which amino acids had been added was faster than the uptake by the slices incubated without addition of amino acids. These differences at 15, 30, and 60 minutes are significant at the 0.1% level (p < 0.001). The difference between the means at 120 minutes is not significant (p > 0.05). We suspect that, in the incubations without added amino acids, there is a gradual release of amino acids into the media with time that may eventually abolish the difference in the rates of uptake. Alternatively, it may be that a steady state is about to be reached in these experiments by 120 minutes and that this steady state is the same both in the presence and absence of added amino acids. The effect of the concentration of copper in the medium on the uptake of copper into the slices rat serum (15) , the Cu/albumin molar ratios in the media were 0.036, 0.12, and 1.2. The experiments were carried out both in the presence and absence of added amino acids.
The results are shown in Tables II and III. In  Table II , the mean ratios between the activity in the slices and the initial activity in the media that were observed after 15, 30, 60, and 120 minutes of incubation are shown. If the results obtained in the absence (controls) and presence of amino acids are compared, it is apparent that higher ratios were observed in the presence of amino acids. Statistical calculations revealed that these differences are all significant at the 5 % level and, in most instances, at the 1 % level. The single exception is in the presence of the highest concentration of copper after 2 hours of incubation, where the results were more scattered and, therefore, in spite of the appreciable difference between the two means, the statistical significance is doubtful. In the presence of the highest initial concentration of copper, the uptake against a concentration gradient was more marked, and uptake against a concentration gradient was observed without the addition of amino acids as well.
To demonstrate more clearly a relationship between copper uptake and copper concentration in the medium, we calculated the rates of uptake of copper by the slices, based on the activity taken up by the slices after 15 minutes of incubation. Knowing the specific activity of copper in the media and assuming that this had not changed appreciably during the short time of incubation, we expressed these rates in millimicromoles of copper taken up by a gram of slice per hour, as shown in Table III . It can be seen that the apparent rates of copper uptake increased markedly with increasing concentrations of copper in the media. This was the case both in the presence and absence of amino acids. In the presence of added amino acids, the rates were always higher than the control rates. The differences between the average rates of uptake were significant, with p < 0.01 in all but one instance, when p < 0.02.
In further experiments, we attempted to determine whether variation of the protein concentration in the medium had an effect on the uptake of copper by the liver slices. Purified human albumin was added to the media in final concentrations of 1.3 and 2.3 g per 100 ml. The higher of these concentrations was close to the normal level of albumin in rat plasma (15) . Parallel experiments, in which 110 vol of dialyzed rat serum was added to the medium (yielding an average albumin concentration of 0.3 g per 100 ml), were also carried out.
We added copper to the media to achieve a copper concentration of 1.6 X 10-6 mole per L. After the completion of these experiments, however, we realized that the albumin preparation used in these studies was not free of copper, and that after extensive dialysis it still contained 15.8 yg of copper per g of albumin. This meant that the initial total copper concentration in the media to which albumin had been added was not what it was intended to be, but higher. Knowing the copper content of the albumin preparation (15.8 ttg per g), and assuming equilibration between contaminating and added copper, we could calculate the copper contents of the media. These were found to be 5.0 x 10-1 mole per L in the case of 1.3 g per 100 ml of added albumin and 7.3 x 10-6 mole per L in the case of 2.3 g per 100 ml. Since, in the experiments outlined previously, it was shown that the concentration of copper in the medium had a definite effect on the rate of uptake of copper by the liver slices, it was evident that the results of experiments in the presence of diluted rat serum (approximately 0.3 g per 100 ml albumin) and 1.3 and 2.3 g per 100 ml of human albumin could not be compared without considering the respective copper concentrations of these media.
The available data could still be used, however, by choosing appropriate controls. In previous experiments we minutes with A vol dialyzed rat serum and 1.6 x 10-6 and 5.0 x 10 6 M copper concentrations (Table III) . The plots of these rates against the initial concentration of copper for each time in the presence and absence of amino acids fell close to two straight lines passing through the origin. Thus, by extrapolation, rates could be obtained for a copper concentration of 7.3 x 10-6 mole per L. From these rates, we calculated the ratios of activity between the unit weights of slices and of the media by reversing calculations we used to obtain rates shown in Table III from ratios given in Table II . These calculated ratios were used as controls for the experiments with 2.3 g of albumin per 100 ml of medium.
These data are shown in Figure 2 . They indicate that, within the range of protein concentrations studied, amino acids do facilitate copper uptake by slices, regardless of the protein concentration. The variation of the protein concentration The results are shown in Figure 3 . It can be seen that, regardless of the presence or absence of glucose or sodium lactate, amino acids do exhibit their previously observed effect on copper uptake. On the other hand, the uptake was not generally influenced by the addition of glucose or sodium lactate in the concentration used in these experiments. The minor differences that were found only in the presence of amino acids were not consistent and not significant (p > 0.05), except for the difference between the mean ratios in the presence and absence of glucose at 15 minutes (p < 0.01).
It seemed of interest to test whether the presence of oxygen influenced copper transport in this system. Therefore, experiments of identical design to those described first were carried out, but under an atmosphere of 95 %o nitrogen and 5 % carbon dioxide. The buffer for the media was gassed with 95% nitrogen and 5% carbon dioxide, and the beakers that contained the media were kept under the same atmosphere before the slices were added. Control experiments with 95% oxygen and 5%o carbon dioxide were included.
In Figure 4 , it can be seen that when amino acids were not added to the media, the ratios at each time were not significantly different in the presence or absence of oxygen. After 2 hours of incubation, there was a significantly lower mean ratio in the absence of oxygen. In the presence of added amino acids, the ratios in the absence of oxygen were markedly lower at each time, from 15 to 120 minutes. The differences between the mean ratios in the presence and absence of oxygen were highly significant (p < 0.01) at each time. Under nitrogen-carbon dioxide atmosphere, the average copper uptakes in the presence and absence of added amino acids were not significantly different, as indicated by the ratios, whereas under oxygen-carbon dioxide atmosphere, the uptake was significantly higher in the presence of amino acids.
The effect of 2,4-dinitrophenol was studied next. The design of these experiments was the same as that described for the first experiments, except that 2,4-dinitrophenol (DNP) was added to the media in final concentrations of 10-4 and 1.8 x 10-4 mole per L. At these concentrations, DNP is an uncoupler of oxidative phosphorylation (16, 17) . Incubations were carried out for 30 minutes only.
The results are shown in Figure 5 . When amino acids were not added, DNP in the lower concentration (10-4 M) had no effect on copper uptake in this system. At the higher concentration (1.8 x 10-4 M), there was a somewhat higher uptake of copper; the difference between this and the mean control uptake without addition of DNP, or the average uptake in the presence of the lower concentration of DNP, is significant (p < 0.02).
In Figure 5 , it can also be seen that DNP did not abolish the facilitation of copper uptake by amino acids. In The participation of amino acids in the rapid transfer of copper between plasma and the cells has also been observed with other systems, i.e., human red blood cells incubated in human plasma (19, 20) and the isolated perfused liver of the rat (19) . The latter observations support the evidence presented here.
The results reported in this study allow some conclusions concerning the type of transport mechanism involved. It would seem that simple diffusion of cupric ions cannot be considered as the mode of transport, since in this transport mechanism, reaction between the transported substance (Cu++) and other molecular species (amino acids) occurs (21) .
The finding that oxygen is necessary for the transport of copper which is facilitated by amino acids suggests that we may be dealing with an "active transport" that requires ATP generated by oxidative phosphorylation.
Accumulation of the transported substance against a concentration gradient is another phe- nomenon that is characteristic of active transport (21) . Accumulation of 64CU in the slices against a concentration gradient was observed in practically all experiments. This process was more apparent in the presence of added amino acids, and increased as the concentration of copper in the medium was raised. These findings, however, cannot be used as an argument in favor of the transport of copper being an active transport, since measurements of electrochemically active forms of copper were not made. In fact, the accumulation of copper against a concentration gradient in our experiments is much more likely to be due to the presence of larger numbers of strong binding sites for copper inside the cells than outside in the medium. In this situation, energy may not be required to achieve and to maintain a higher concentration inside the cell.
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The facilitation of the transport of copper by amino acids was not enhanced by the addition of substrates such as D-glucose or sodium lactate. This means that the additional energy that these substrates can provide is not required for this transport mechanism. However, the possibility that energy is required cannot be excluded on the basis of these results, since endogenous substrates could be adequate, and, secondly, the added amino acids may themselves serve as the precursors of energy-yielding substrates (22) (23) (24) (25) . Addition of glucose or sodium lactate to the incubation media without added amino acids did not increase the rates of copper uptake into the slices, and, therefore, the effect of amino acids on copper transport cannot be solely due to their being precursors of energy-yielding substrates.
Finally, it was found that DNP did not inhibit the amino acid-facilitated transport of copper. This finding suggests that energy in the form of ATP, generated by oxidative phosphorylation, is not required for the amino acid-facilitated transport of copper. Nevertheless, the possibility exists that in our system, DNP did not effectively uncouple oxidation from phosphorylation. Since this cannot be excluded, the negative findings with DNP cannot be regarded as proof against the need for energy for the amino acid-facilitated transport of copper. Further experiments are planned to decide this question.
Since the submission of our manuscript, Neumann and Silverberg have reported similar results (26) . Their findings confirm and, to some extent, amplify the results presented here. Their conclusion, that the amino acid-facilitated copper transport fulfills the criteria of active transport, is not supported by adequate proof for reasons outlined by the present authors (27) .
